of MCI-154, a newly synthetized cardiotonic drug with vaso dilator property, on the membrane potential and currents of the isolated papillary muscles and the single ventricular cells of the guinea pig were examined. MCI 154 (10-7-10-4 M) increased the developed tension in a dose-dependent manner without significant changes in the action potential configuration of the guinea pig papillary muscle. The slow response action potential obtained by increasing the extracellular K+ concentration to 24 mM was augmented by MCI-154 (10-6 and 10-4M). This effect of MCI-154 was not blocked by atenolol (10-6 M). In voltage clamp experiments on single ventricular cells, the slow inward current was not affected, but the inward rectifier K+ current was reduced by higher concentration of MCI-154 (10-4 M). Considering the "run down" phenomenon of the slow inward current, the possibility that MCI-154 might have a slight increasing effect on the slow inward current could not be ruled out. From these results, it can be concluded that the positive inotropic action of MCI-154 can be explained partially by the decrease in the inward rectifier K+ current, and probably by the increase in the Ca2+ sensitivity of the contractile protein system.
The ideal cardiotonic agent for treatment of chronic heart failure should work without inducing tachycardia or arrhythmias and without greatly increasing myocardial oxygen demand. Digitalis partly fulfills the criteria, but the use of digitalis requires thorough knowledge of the multiple factors governing its efficacy and toxicity. There fore, many candidates for a digitalis substi tute have been developed in recent years, and most of them seem to be adrenergic agents or phosphodiesterase inhibitors (1) . MCI -154,6-[4-(4-pyridyl)aminophenyl]-4,5 dihydro-3(2H)-pyridazinone hydrochloride, was newly synthetized in the course of developing new cardiotonic agents. This compound was found to be orally active and its cardiotonic action was not inhibited by antagonists of adrenoceptors (alpha and beta), histamine (Hj and H2) and mus carinic receptors (2) (3) (4) . Furthermore, it affects neither Na+-K+ ATPase activity (2, 3) nor the cyclic AMP level (5) . Recently, we have proposed a unique mechanism of ac tion of MCI-154, i.e., increasing the Ca2+ sensitivity of the contractile protein system (6, 7) .
However, electropharmacological effects of MCI-154 on cardiac muscles were not yet examined.
Therefore, the present experiments were carried out to elucidate the effects of MCI-154 on action potentials of isolated papillary muscles and membrane currents of single ventricular cells of the guinea pig.
Materials and Methods
Tissue study: Guinea pigs weighing 250 450 g were killed by a blow on the head. The hearts were quickly removed, and the papillary muscle was isolated from the right , displayed on the screen of a dual-beam memory oscilloscope (Nihon Kohden VC-10) and finally photographed on polaroid film with a polaroid camera (King 5R32). The fol lowing parameters were measured in each experiment to assess electrical performance of the ventricular muscle: the resting mem brane potential (RMP), action potential amplitude (AMP), maximum rate of rise of the action potential (Vmax) and action po tential duration at 5, 10, 30 and 80% levels of repolarization (APD5, APD10, APD30 and APD80). In order to obtain the slow action potential, the K+ concentration of the solution was raised to 24 mM by replacement of NaCI with KCI, and the muscle was driven with rectangular pulses of twice-threshold voltage and 2 msec duration at a rate of 0.2 Hz. Action potential durations were measured at 50 and 90% levels of repolarization (APD50, APD90).
Single cell study: The patch electrode voltage clamp technigue, ""whole-cell recording" (8) , was applied to ventricular cells isolated from the guinea pig heart with collagenase (9) . Membrane currents were measured by the single-electrode voltage clamp method in which the electrode re sistance was minimized by series-resistance compensation.
The cells were superfused with the Tyrode's solution containing (in mM): NaCI, 136.9; KCI, 5.4; CaCl2, 1.8; MgCl2, 0.53; NaH2PO4, 0.33; HEPES, 5; and glucose, 5.5. The pH was adjusted to 7.4 by adding NaOH. The patch clamp microele ctrode was filled with the internal solution containing (in mM): K-aspartate, 110; KCI, 20; ATP, 2; creatine phosphate, 5; HEPES, 5; EGTA, 0.01 ; and glucose, 10. The pH was adjusted to 7.0. After establishing a giga ohm seal, the membrane patch was ruptured by a short pulse of suction. All experiments were carried out at 37'C. The resistance of the recording patch microelectrodes ranged from 2 to 4 M ohm. The liquid junction potential between the interior of the elec trode and the bath solution was -6 mV, assuming the junction potential of the tip of the 3 M KCI electrode in the solution to be negligible (10).
Drugs: MCI-154 was synthetized at the Research Center, Mitsubishi Chemical In dustries,
Limited. MCI-154 was dissolved in distilled water and then added to the perfusing medium to achieve a given con centration (10-7-10-4 M). In some experi ments, atenolol (Sigma) was added at a final concentration of 10-6 M. Statistical analysis: Experimental data are expressed as values of the mean+S.E.M. The differences between means of various groups were tested by Student's t-test. The criterion for statistical significance was P<0.05.
Results

Effect of MCI-154
on the developed tension of the papillary muscles: In guinea pig papillary muscles, MCI-154 (10-7-10-4 M) caused a positive inotropic effect in a concentration-dependent manner (Fig. 1) Effect of MCI-154 on the membrane potentials of the papillary muscles: In the normal solution in which the extracellular K+ concentration was 6 mM, 10 min perfusion of MCI-154 (10-7-10-4 M) did not affect significantly the action potential parameters: RMP, AMP, Vmax and APD (Table 1) . Only a slight prolongation of APD at an early repolarization phase (APD5) was observed with MCI-154 (10-5 and 10-4 M).
Effect of MCI-154 on the slow action potential of the papillary muscles: The slow action potentials of the papillary muscles were obtained by increasing the extracellular K+ concentration to 24 mM. The resting membrane potential averaged about -48 mV in this high K+ Krebs-Ringer solution. 20 min perfusion of MCI-154 (10-6 and 10-4 M) caused significant increases in AMP, Vmax, APD50 and APD90. The resting membrane potential was not changed by the addition of MCI-154. Typical results of such experiments and summarized data are shown in Fig. 2 and Table 2 , respectively. Slow action potentials might be modified by catecholamines released from adrenergic nerve endings by electrical stimulation and/or high K+ medium. In order to examine whether or not the effect of MCI 154 was mediated through beta-adreno ceptor, the similar experiments were per formed in the presence of atenolol (10-6 M). The increase in the slow action potential duration by MCI-154 at the concentration of 10-6 M was slightly attenuated by atenolol and lost statistical significance, but the effects of MCI-154 at 10-4 M was not affected by atenolol ( Table 2) .
Effect of MCI-154 on membrane cur rents in single ventricular cells: The effects of MCI-154 on the slow inward currents and on the outward currents were investigated, using the "whole-cell recording" technigue. Membrane potential was clamped at -30 mV to inactivate the fast sodium channel. Various depolarizing and hyperpolarizing step pulses having a duration of 250 msec were applied from the holding potential at a freguency of 0.2 Hz. MCI-154 at a low con centration (10-6 M) did not affect the membrane currents (data was not shown). At the highest (10-4 M) concentration, however, MCI-154 decreased the steady state current measured at the end of 250 msec pulses negative to -10 mV, probably responsible for the inward rectifier K+ current, without affecting the amplitude of the initial net inward current (Fig. 3) . The zero current potential, the reversal potential for K+, was not changed.
The effect of MCI-154 on the K+ current was further examined in the absence of the slow inward current where 0.9 mM Ca2+ in the Tyrode's solution was substituted by equimolar Co2+ (11). Membrane currents were recorded at various clamp pulses of 500 msec duration at a rate of 0.2 Hz. In this condition, the slow inward current was almost blocked. MCI-154 (10-4 M) clearly decreased the inward rectifier K+ currents, and it did not affect the delayed rectifying K+ outward current (Fig. 4) . Discussion muscle depolarized by high K+ medium. It is thought that the inward current is mainly carried by Ca2+ during the slow response action potential (12). Thus, it appears that MCI-154 augmented the slow response action potential by an increase in the slow inward current. However, the interpretation of the calcium-dependent slow action poten tial is far from being straightforward.
Either an increase in the inward or a decrease in the outward current could lead to a larger regenerative response. Therefore, the voltage clamp analysis was carried out in single ventricular cells. In voltage clamp experiments of the single cells, MCI-154 failed to increase the slow inward currents, but decreased the inward rectifier K+ currents.
Because there might be a small "run down" of the Ca2+ channels in the single cells under the voltage clamp condition, MCI-154 might have an effect in increasing the slow inward currents to an extent not sufficient to overcome the run down". The augmentation by MCI-154 of the slow response action potential occurred even in the presence of atenolol (10-6 M). This indicates that the effect of MCI-154 is not mediated through beta-adrenoceptors. It has been reported that amrinone (13) and milrinone (14) enhanced the slow response action potential and that positive inotropic concentrations of amrinone (13, 15) and milrinone (16, 17) inhibited myo cardial cyclic nucleotide phosphodiesterase activity and thereby increase cyclic AMP concentrations.
In preliminary experiments using dog hearts, however, MCI-154 pro duces only slight inhibition (less than 18% at the concentration of 10-6-10-3 M) of the activity of crude phosphodiesterase pre parations and no significant increase in the cyclic AMP levels (5). In cardiac muscle cells, intracellularly applied cyclic AMP (18) or extracellularly applied phosphodiesterase inhibitors (19) increase the slow inward current. In the present single cell experiments, MCI-154 failed to increase the slow inward current sufficienting to overcome the "run down". This result is consistent with the little effect on the phosphodiesterase.
Thus, it is unlikely that the increase in the cyclic level is a main cause of the augmentation effect of MCI-154 on the slow response action potential.
It has been reported that during the plateau phase of the action potential, an extremely fine balance must exist between individual ionic currents (20) . In the present voltage clamp experiment, MCI-154 clearly suppressed the inward rectifier K+ current. The slow response action potential can also be elicited by the decrease in the outward current (21) . It can, therefore, be concluded that the decrease in the outward currents must be a probable cause of the augmenta tion of the slow response action potential induced by MCI-154. The decrease in the outward crrent may contribute to loading cellular Ca2+ by prolonging the inward calcium current and/or to entering sodium ions which might be involved in the Na'-/Ca2+ exchange mechanism. However, significant changes in the action potential configurations were not elicited by MCI-154. It has already been reported that in mammalian ventricular muscles, repolarization is mainly due to the inactivation of the slow inward current (22) . Therefore, the change in the K+ current could not be detected by the inactivation of the slow inward current in the action potential.
In recent years, it has been reported that the positive inotropic action of DPI 201-106 and anemonia sulcata toxin are mediated by an interaction with the Na+ channels in the right ventricular papillary muscle of the guinea pig (23, 24) . Consequently, these drugs prolonged the APD. Milrinone also has been reported to possess an action involving an increased influx of Na+ through Na+ channels in the left atrium and papillary muscle (25) . MCI-154 did not affect the APD and the Vmax of the action potentials of the guinea pig papillary muscle in normal Krebs Ringer solution.
Thus, it is unlikely that MCI-154 has an effect on the Na+ channel.
